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Executive  Summary 

A  deposition  chamber  has  been  designed  and  constructed  to  fabricate  and  test 
metal-insulator-metal  (M-I-M)  devices.  This  equipment  directly  supports  the  work  of 
AFOSR  Grant  F49620-01-1-0412,  a  THEMES  project  entitled  “Dynamics  of  Plasma- 
Surface  Interactions.”  M-I-M  devices  are  being  developed  as  a  novel  way  to  eject  hot 
electrons  into  the  weakly  ionized  plasma  surrounding  a  hypersonic  vehicle.  These  solid- 
state  cold-cathode  emitters  may  also  induce  non-thermal  surface  chemistry  at  the 
metal/vacuum  interface. 

The  new  apparatus  contains  a  magnetron  sputter  deposition  source,  a  five-pocket 
metal  evaporation  source,  a  two-stage  deposition  chamber,  and  the  necessary  pumps, 
valves,  and  electronics.  The  chamber  design  is  flexible  to  allow  for  rapid  access  to  the 
sample  through  a  load-lock,  deposition  of  virtually  any  metal  or  insulating  material,  a 
computer-interfaced  mask  for  precise  patterning  on  the  sample,  and  an  in  situ  electron 
detector.  The  fabrication  strategy  involves  producing  multiple  M-I-M  devices  on  a  single 
substrate.  This  will  allow  for  rapid  screening  of  M-I-M  designs  to  optimize  the 
fabrication  conditions  for  maximal  device  performance. 
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1.  Introduction 


The  development  of  many  advanced  technologies  for  hypersonic  transport  (e.g., 
drag  reduction,  electromagnetic  cloaking,  combustion  enhancement,  and  magneto  gas 
dynamic  control)  relies  on  a  weakly  ionized  plasma  flow  around  the  vehicle.  A 
potential  strategy  for  augmenting  the  plasma  density  surrounding  hypersonic  vehicles 
involves  encasing  the  surface  of  the  vehicle  with  functioning  Metal-Insulator-Metal 
(M-I-M)  devices.  These  novel  solid-state  devices  act  as  cold-cathode  emitters,  ejecting 
electrons  into  the  vacuum.^ 

This  DURIP  grant  was  used  to  purchase  equipment  for  fabricating  and  testing 
M-I-M  devices  in  a  highly  controlled  environment.  Thin  films  (10  - 100  nm  thick)  of 
conducting  and  insulating  materials  are  layered  on  a  silica  support.  The  optimal  M-I-M 
performance  depends  critically  on  the  composition  and  thickness  of  the  heterostructure. 


2.  Apparatus  Design 

The  design  of  the  new  deposition  chamber  is  shown  in  Fig.  1.  It  features  a  load 
lock  for  rapidly  introducing  samples  into  the  system.  At  the  far  left  of  the  chamber  is  a 
manipulator  that  translates  the  sample  along  a  guide  tube.  All  electrical  feedthroughs 
make  contact  with  the  sample  through  wires  running  down  the  bore  of  the  guide  tube. 
The  left  chamber  allows  for  the  deposition  of  insulating  materials  using  a  magnetron- 
sputtering  source.  The  plasma  is  contained  within  a  stainless  steel  sheath  to  reduce 
contamination  in  the  chamber.  The  left  chamber  is  pumped  with  a  turbomolecular  pump 

to  permit  oil-free  vacuum  with  fast  pumpdown  times. 

The  left  and  right  chambers  are  separated  by  a  pneumatic  gate  valve.  The  right 
chamber  is  independently  pumped  by  a  cryopump.  The  right  chamber  is  used  for 
evaporating  metals  from  an  electron  gun  evaporation  source.  The  e-gun  heating  system 
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provides  very  efficient  evaporation  of  metals  (e.g.,  Ag,  An,  Cu,  and  Al)  at  rates 
approaching  1500  A  per  minute.  A  computer-controlled  mask  situated  between  the 
evaporation  source  and  the  substrate  allows  for  precise  patterning  of  metal  layers  in  the 
fabrication  of  MIM  devices.  In  both  sputter  deposition  and  metal  evaporation  modes, 
quartz  microbalance  detectors  provide  absolute  calibration  of  the  film  thickness.  The 
right  half  of  the  chamber  also  contains  some  simple  diagnostics  for  testing  the  MIM 
devices.  These  include  a  Faraday  cup  collector  and  a  retarding  field  energy  analyzer  for 
measuring  the  emitted  electron  current  and  energy  distribution,  respectively. 


Turbopump 


Figure  1.  Schematic  diagram  of  new  deposition  chamber. 
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3.  M-I-M  Design 

The  basic  design  of  the  M-I-M  device  is  shown  in  Fig.  2.  A  bias  between  the 
upper  and  lower  metal  layers  will  cause  substrate  electrons  to  tunnel  across  the 
conduction  band  of  the  insultator  and  ballistically  travel  to  the  metal/vacuum  interface. 
The  bias  potential  tunes  the  energy  of  the  ballistic  electrons  from  the  Fermi  level  to  well 
above  the  vacuum  level. 
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Figure  2.  Electrons  are  emitted  from  the  M-I-M  device  when  the  overlayer  is 
biased  positive  relative  to  the  underlayer. 


The  performance  of  the  M-I-M  is  dependent  on  the  composition  and  thickness  of 
both  the  metal  and  insulating  layers.’  To  streamline  the  processs  of  identifying  optimal 
fabrication  conditions  for  electron  emission  and  longevity,  we  have  adopted  a 
combinatorial  design  approach.  Figure  3  shows  how  multiple  M-I-M  devices  can  be 
fabricated  on  a  single  substrate.  Each  device  can  be  fabricated  differently  to  have  it’s 
own  unique  set  of  properties;  consequently,  each  device  must  be  tested  individually.  The 
electrodes  can  be  biased  in  combinations  to  activate  only  one  M-I-M  device  at  a  time. 


6 


Evaporated 
Metal  Underlayer 


Evaporated 
Metal  Overlayer 


Sputter  Deposited 
Insulating  Layer 


Insulating  Substrate 


Figure  3.  Combinatorial  design,  in  the  fabrication  of  six  M-I-M  devices  on  a  single 
substrate,  allows  for  rapid  testing  of  different  layer  thicknesses  and  compositions. 
The  illustration  shows  how  a  particular  M-I-M  element  (shaded  white)  can  be  tested 
separately  from  the  others. 


Preliminary  tests  were  performed  on  a  metal-insulator-semiconductor  (M-I-S) 
device  fabricated  on  campus.  A  10  nm  Au  film  was  evaporated  onto  a  45  nm  Si02  layer 
which  in  turn  was  grown  on  a  n-doped  Si(OOl)  substrate.  Figure  4  shows  how  the 
electron  emission  from  the  device  increased  by  six  orders  of  magnitude  as  the  bias 
potential  was  ramped  from  8  to  15  V.  This  nonlinear  behavior  underscores  the 
nonclassical  nature  of  the  tunneling  phenomenon  associated  with  M-I-M  and  M-I-S 
technology.  * 
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Figure  4.  The  emission  current  density  of  a  metal-insulator-semiconductor  (M-I-S) 
device  as  a  function  of  the  bias  potential  applied  across  the  two  electrodes. 


4.  Conclusion 

The  versatility  of  the  new  apparatus  allows  us  to  deposit  virtually  any 
combination  of  metal  and  insulating  layers  with  great  precision.  This  capability  is  being 
harnessed  to  fabricate  M-I-M  devices  with  optimal  electron-emission  characteristics. 
Experiments  will  also  explore  the  extent  to  which  the  hot  electrons  can  induce  non- 
thermal  chemistry  at  the  gas/solid  interface.  These  nanolaminate  materials  hold  promise 
as  a  cold-cathode  source  for  seeding  the  plasma  surrounding  a  hypersonic  vehicle. 
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